Space charge calculations
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Carlos Perez Sourav Tarafdar

Outlook:
e R-Distortions ALICE/STAR/PHENIX
e Charge density from FP
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Methodology for distortions

 |nitial Charge Density from toy model (ala ALICE)

* Erand Ez from Laplace solution to ICD in cage at V=0

* DeltaR from Langevin formalism using Ez = 400V/cm
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Initial Charge Density

ALICE

Radial dependence set at 2
Gas factor at 1.0/76628.0
Multiplicity at 900

DC Rate at 50kHz

BackFlow at 20 (=1.0%2000)
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ChargeDensity [fC/cm*3]

2950 200 150 W00 -% O 80 WO 1% 20 2%
Longitudnal jom)

SPHENIX20

Radial dependence set at 2
Gas factor at 1.0/76628.0
Multiplicity at 450

DC Rate at 50kHz
BackFlow at 6 (=0.3%2000)

ChargeDensity [{C/cm*3)
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SPHENIX30

Radial dependence set at 2
Gas factor at 1.0/76628.0
Multiplicity at 450

DC Rate at 50kHz
BackFlow at 6 (=0.3%2000)
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ALICE

Grid size:

Rad =2.13 cm
Phi =360 deg
Lon=2cm

Er [Vicm)
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Induced Electric Field

SPHENIX20

Grid size:

Rad =0.75cm
Phi =360 deg
Lon =0.64 cm
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SPHENIX30
Grid size:

Rad =0.63 cm
Phi =360 deg
Lon =0.64 cm
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Estimated mean distortions in R

ALICE SPHENIX20 SPHENIX30
Grid size: Grid size: Grid size:

Rad =2.13 cm Rad =0.75cm Rad =0.63 cm
Phi =360 deg Phi =360 deg Phi =360 deg
Lon=2cm Lon =0.64 cm Lon =0.64 cm
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Estimated mean distortions in R

ALICE

Grid size:
Rad=2.13 cm
Phi =360 deg
Lon=2cm

§; [cm]
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SPHENIX20

Grid size:

Rad =0.75cm
Phi =360 deg
Lon =0.64 cm

SPHENIX30

Grid size:

Rad =0.63 cm
Phi =360 deg
Lon =0.64 cm

o, [em] ( Projection X))

blue: SPHENIX30
red: sPHENIX20
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Comparing with ALICE TDR (1/2)
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Comparing with ALICE TDR (2/2)
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Quantitatively close, but not quite the right shape

Source of incongruence:
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Comparing with ALICE TDR (2/2)
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Initial Charge Density

ALICE SPHENIX20

Radial dependence set at 2 A better description of STAR

Gas factor at 1.0/76628.0 . der i tioati
Multiplicity at 900 case IS under investigation.

DC Rate at 50kHz See Sourav’s slides in backup.
BackFlow at 20 (=1.0%2000) BackFlow at 6 (=0.3%2000)

ChargeDensity [fC/cm*3] ChargeDensity [{C/cm*3)
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STAR

Radial dependence set at 2

Gas factor at 1.0/76628.0
DC Rate at 15kHz
BackFlow at O

ChargeDensity [fC/cm*3)
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Longitudnal jom)
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Estimated mean distortions in R

ALICE SPHENIX20 STAR

Grid size: Grid size: Grid size:

Rad=2.13 cm Rad =0.75cm Rad =1.88 cm

Phi =360 deg Phi =360 deg Phi =360 deg

Lon=2cm Lon =0.64 cm Lon =1.68 cm
§, [cm] §, [em)
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work in progress
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An step forward on ICD

 Initial Charge Density was modelled so far using
phenomenological expression from ALICE/STAR

«u 17 {

* Many control variables like “gas factor”, “multiplicity”, “ion-
feedback” are used heuristically.

e To gain full control on the gas response and realistic track
density, it is desirable to model this from First Principles.
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Traces to Fmi,rs

- Ingredients
- DeltaE for the btotal track length
- Delkak ko N lownised eleckrowns
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Table 1. (Continued) Pammeters of some gas and gas mixtures.
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Few Fasikes skill ahead

o Connect particle pool to generator(s)
o Improve characterisation of ionisation in gas

D e
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S. Tarafdar: STAR detailed investigation (1/7)

Space charge density for STAR

’ =A
p(r , z ) : ( £a 20

named “ mplrical

factor” quoted as
76628

Derivation for ALICE from STAR

3.2, Scaling STAR observations to ALICE expectations

The normalized distribution of charge density used in
the STAR TPC to correct for the space-charge effect is:

(L-2) (rd~r]) 001 IR .
L loglro/ri) 15108 2 (6)

where row200cm and r;=47.9cm are the outer and
inner radii (STAR TPC dimensions). The empirical factor

which corresponds roughly to an interaction rate (IR) of
15 kHz for Au-Au collisions at a center of mass energy of

200 GeV is then:
Fy = (rj ~r]) 0.01
- log(ro/ry) 1.5 10

pir,z) =

= 1.76-10"?

*  So for STAR the empirical factor should look like :
Fe s = (Min bias multiplicity in STAR) / F;, where F_ 1.76 e-02

=340./ 1.76e-02 =19318.2

l1-bz+ce) * Innerradius =50 cm, Outer radius = 200 cm,

Longitudinal length = 210 cm, phi = 2*pi

A= [G]X[m]X[r]X e 0 C/m]

permittivity

G =
M : Event multiplicity = 170
R : Total interaction rate = 15 kHz

b : 1/driftlength
c*e: 0 for all the plots in next few slides
Radial dependence (d) =2 & f d=1

Using formula (6), we can calculate an empirical factor
for the ALICE TPC where we include a scaling factor for
the min.bias multiplicities (with M., ¢ = 127 for the top
80 % within STAR) and the design scaling factor F, from
Tab. 4:

Fpa=(Fg-Fp/M,,s) " =T6628 .

The complete empirical formula can be written as:
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S. Tarafdar: STAR detailed investigation (2/7)

Few cases of STAR charge density by changing the gas factor and
keeping c*eps =0
Gas Factor [G] = 1.0

ChargeDensity [fC/cm*3] ChargeDensity [fC/cm*3]
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p(50cm, Ocm) = 1.9x 10~ 14 coul Charge density in new simulation

3 — STAR values using Toy model ~ 8.5 e-14 C/cm”3
p(50cm,0cm) = 1.2 x lo5 e o ~ 5.3e+05 ge/cm”3 19
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S. Tarafdar: STAR detailed investigation (3/7)

STAR number of ions density with gas factor [G] = 1.0

New simulation

# of ions/cm”"3

et

&0

200 <150 <100 50 0 SO 100 150 20

Number of ions per cm”3 using new
simulation ~ 5.3e+05 ge/cm”*3

# of lons/cm”3

p(50cm,Ocm) = 1.2 x 10 -

STAR estimate
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AT 1 prmdcint AuAs hmwronty Tht & T st o Seraly Dal prodaced De
dwtotion shown » Fig 1

STAR values

p(50cm,Ocm) = 1.9x 10 14 coul
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S. Tarafdar: STAR detailed investigation (4/7)

STAR charge density with gas factor [G] =0.5

ChargeDensity [fC/cm*3) ChargeDensity [f{C/cm*3)
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STAR values -

p(50cm,0cm) = 1.9x 10 14 coul Charge density using new simulation

3
~4.5e-14 C/cm”"3
o(50cm, Ocm) = 1.2x 10° 25 ™ /
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S. Tarafdar: STAR detailed investigation (5/7)

STAR number of ions density with gas factor [G] = 0.5

New simulation

# of ions/cm"3 # of ions/icm™3

STAR estimate

g 2 Swady state postve ©n dematy aa 8 Senction of r and £ i e TIC wolume for
AT N predciet AUAL wroaty  Tha a e poatve o teraty Sat poduced Te

STAR values

Charge density using new simulation - 14 coul
~ 28ge+05 qet/ycm;\3g P(SOC!D.OC!D) =19x 10 C—

cm
p(50cm, Ocm) = 1.2 x 105“—"3

cm 22



S. Tarafdar: STAR detailed investigation (6/7)

STAR charge densitv with gas factor [G] =0.2

ChargeDensity [fC/cm*3) ChargeDensity [f{C/cmA3]

200 <150 <100 -50 ©0 S0 100 150 200

STAR value's.

~ 14 coul
p(50cm,0cm) = 1.9x 10~ — Charge density using new simulation

o(S0cm,0cm) = 12x 10025 ~ 1.8 e-14 C/cmA3
3 23
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S. Tarafdar: STAR detailed investigation (7/7)

STAR number of ions density with gas factor [G] = 0.2

New simulation
# of ions/cm”3 # of ions/cm”3

] STAR estimate

L ]

([
STAR values
p(50cm, 0cm) = 1.9x 10~ 14524
Charge density using new simulation p(50cm, Ocm) = 1.2 x 10026 @
~1.12 e+05 ge/cm”3 m>
Setting gas factor [G] between 0.2 and 0.5 gives almost same estimate of space charge ”

as done by STAR for STAR TPC



Space charge density

. the TPC volume
Tca-j model:

1% ‘Proporﬁomati&v to the primary
tonisabtion (Le. local Erack devxsi,&j
i a collision) r*-2 dependence
and Z drift velocity

2. Back flow dependence as CTE in 2
direction



Space charge density
i the TPC volume

o Az=z[G] x [M] x[R] x [e_o] / 7662% [in C/m]

o .0 (=%.%5e-12): vacuum Permi.f:&i,vi&j [in As/(Vm)] ALl gas parameters are

o & (=1): 9as factor (prim ioniz. / drift velocity) Embedded in G/7662%

o M (=950): nominal evenk multiplicity

o R (=8e4): tokal inkeraction rate [in Hz]
o b (=1/2.8): 1/Driftlength [in 1/m]
o cxe (=2/3%20)

o A (=2 for STAR f_d=1; =1.5 for ALCE)



Factorization of the Space Charge Problem

Cylinder with graded potentials

and space charge in the volume » Graded field cage field
Grounded shell, determined by ANSYS or

+ space charge COLSOL finite element
calculations.

Grounded shell solved using
Greene’s theorem

AG(r,rich )=8(r—rich )

Elch (r,rich )=V G(r,

Point + Sheet Image Charge AV rich )
- | | | | E=[1#p(rich )Elch (r,

rlc7!/lc/z
C /

Graded potentials, no charge




Basic Approach to Solvmg the Cylmder

» The problem at hand is this: &% %) - 3(# - ¥),

» Our solution begins with solving the homogeneous equation to provide a basis set of
functions for the full solution: g S | 7 . . .
Ad 0, (— b b e o | B(r, 8, 2) = 0, &(r,¢,2) = R(r)P(¢)Z(2)

ir? ror r? a6

Periodicity set m=0,1,2,3,... ®m(¢) = Cr €™ = A,, cos(ma) + B, sin(mg) with m € Z.

n,. ) %y ‘ T -3 casel;

H ' . Z F, casell.
Solution without boundary  Zm(2) = C cosh(B2) + Dy, sinh(52),
conditions applied: Rpn(r) = EnJm(Br) + FnYm(8r).

Constqn.ts formylated to Ron(T) = Yo Boun@) i BranT) — o Bran@) Yo Brmm)-
explicitly vanish at r=a ' - JFmi :

Vanishing at r=b forces p to become discreet.




Finishing the solution

» Once the solutions to the homogeneous equation are known, we express the Dirac delta
function in this basis:

oo

Z lml& ¢

M — 00

Z l{mn _r)lzmn{rlj
N

1 & i :
5(— &) 3= § — 8mo) cos|m(d — &),
= m-

with N2 / RZ _(r) rdr,

a(r—1r')
r n-1
m 0.1,2,....
» After which the solution is readily obtained

G(r,¢,2;v, ¢, 2)

o0

%iz 2 — 8o cos[m(d — &)

M0 ne-l

Ryn(7) R (7") sinh( Brpn2e ) sinh( B L

L —23))

N2 Bmn SInh(Gmn L)

» Although the solution is correct, it is not assured to be readily convergent

Rossegger used three independent basis sets to obtain stable, differentiable

convergent solutions for the r, ¢, and z components of the field
a
Z(.‘(r.o.:.r’.o’.:’)

i(’lrc rd )
ar

| oy Ron(r) Rena(r) @ sinh(Bmp <) sinh(Ba (L — 25))
gz_ozllzfﬁmgl cos|m(d—d')| Nz ( )

Bo SO0 B )

d
—G(r,,2,r".¢.7)
ad (
Nz, dz

a
—ZZD o) cos[m(d—¢')] sin(B,2) sin( 5,2 1 (

Rinn 1(re) R 2(r5)
Imn(Bna) Kmn(Bnb) — Im(Bab) Km(Bna)

(5. 65)]
. a Rl (@, 7) R (1), fora<r<r' <b,
; with = (Bun 1(r<) Rran2(r>)) { Romy(F)R! (br).  fora<r<r<b, _
with F (sinh(Bmn2< ) sinh(Bpa( L — 2))) wherein R} (s,t) is with
a2
Brmn c0sh(Bmn2) sinh(Bmn( L — 2)),
~ By €0sh(Bpa(L — 2)) sinh(Bpn?’

R (5,8) = 5 (Kon(Ba5) (In-1(8a8) + s 1(Bat)) + I(5n8) (Kon-1(But) + Koms1(Bit))

{

— e S (7 — (& —

)

a"'h (m—|6—4))
7 (008 (T = |6 — &)

Hoe SIND o (7 = (&' — ),

4'),

l S Rei(r)Rpe(r') @ sh (™ — |6 — ¢/))
TZZsin(:in:]sin(.‘i.,:'} nt{7) YT O (m”“l”“’ ¢ O]m) (5.66)
" kel =1

finie SIN( T fink)

for0< ¢ <

for 0 <

<o<r
<¢< Q’< b




charge of the drifting particle

Langevin E‘Jq:

Frickion (K>0)

-

Ku

drift veLociEjj EB A;C} TCQ

Solubion:

mean interaction time between drifting

scalar mobility of the electric field

electrons and atoms from the gas

cyclotron frequency for electron




Drift velocity in cartesian coordinates

- UIfiz[
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1+ w? t?
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We can compute the path integral of the
drifting eleckron
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